This study aims to measure and analyze unregulated compound emissions for two Euro 6 diesel and 12 gasoline vehicles. The vehicles were tested on a chassis dynamometer under various driving cycles: 13 Artemis driving cycles (urban, road and motorway), the New European Driving Cycle (NEDC) and the 14 World Harmonized Light-Duty Test Cycle (WLTC) for Europe, and world approval cycles. The 15 emissions of unregulated compounds -such as total particle number (PN) (over 5.6 nm), black 16 carbon (BC), NO 2 , BTEX (benzene, toluene, ethylbenzene and xylene), carbonyl compounds and 17 polycyclic aromatic hydrocarbons (PAHs) -were measured with several on-line devices and 18 different samples were collected using cartridges and quartz filters. Furthermore, a preliminary 19 statistical analysis was performed on eight Euro 4-6 diesel and gasoline vehicles to study the impacts 20 of driving conditions and aftertreatment and engine technologies on emissions of regulated and 21 unregulated pollutants. The results indicate that urban conditions with cold start induce high 22 emissions of BTEX and carbonyl compounds. Motorway conditions are characterized by high 23 emissions of particle numbers and CO, which mainly induced by gasoline vehicles. Compared with 24 gasoline vehicles, diesel vehicles equipped with catalyzed or additive DPF emit fewer particles but 25 more NOx and carbonyl compounds. 26 27
Introduction 61 Road transportation (more particularly, light-duty vehicles) is one of the main causes of air 62 pollution. In urban areas, road traffic represents the main source of emissions of regulated pollutants 63 as well as unregulated pollutants, such as BTEX, PAHs, and carbonyl compounds (1) . Several of these 64 pollutants have an important role in climate change while others could lead to serious negative 65 impacts on human health (2-4). 66 To reduce road traffic emissions, the European Union is imposing increasingly stringent emission 67 limits for regulated compounds. Various aftertreatment devices -such as the diesel oxidation 68 catalyst (DOC), the diesel particulate filter (DPF), the selective catalytic reduction (SCR) or NO X trap 69 and the three-way catalyst (TWC) -are being used to bring the pollutant emissions below 70 regulatory levels (5-7). Although these technologies make it possible to significantly reduce regulated 71 compound emissions, they affect some emissions of pollutants. Catalyzed or additive DPF reduce 72 particle mass emission, with efficiency near 100%, but they might induce an increase of fine and 73 ultrafine particle emissions, and affect NO 2 , volatile organic compound, PAH, BTEX, and black carbon 74 (BC) emissions (8-15). The actual impacts of these aftertreatment technologies on unregulated 75 pollutant emissions are not fully known (13, (16) (17) (18) (19) (20) . The recent study by Louis et al. (14) showed that 76
catalysed DPF vehicles emitted about 3 to 10 times more carbonyl compounds and particles than 77 additive DPF vehicles, respectively, during urban driving cycles, while additive DPF vehicles emitted 2 78
and 5 times more BTEX and carbonyl compounds during motorway driving cycles. 79 Vehicle emissions are also affected by driving conditions. In the case of diesel vehicles, urban 80 driving conditions or high engine RPM (revolutions per minute) involves high emissions of CO, NO X 81
and HC compared to a steady speed profile or low engine speed (21-23). For gasoline vehicles, cold 82 start and high-speed conditions induce high emissions of the same compounds (21-25). For urban 83 driving conditions, diesel vehicles emit more NO X during hot start compared to cold start (13, 14) . 84 Various studies also show that cold start results in significant emissions of BC, PAHs, BTEX and 85 aldehyde (9, 12, 14, 21, 24-28) compared to urban hot start. A vehicle running low speed produces 86 high PAH and carbonyl compound emissions while a vehicle running at high speed produces high 87 particulate emissions (12, (26) (27) (28) experiments (this research and previous studies) were performed using commercial fuel (less than 10 128 ppm sulfur content) from the same filling station to minimize the impact of fuel composition on 129 emissions. All the diesel and gasoline vehicles were filled with fuel meeting the requirements of EN 130 5 590 and EN 228, respectively. The detailed fuel properties are given in the Table S1 in the Supporting  131 Information. 132 
Analytical methods 134
Concentrations of regulated compounds used in PCA analysis (Section 3.4 herein) were measured 135 using a HORIBA analytical emissions system. The analyzer using infrared absorption principle was 136 used to measure carbon monoxide (CO), carbon dioxide (CO 2 ), flame ionization detection to total 137 hydrocarbon (THC) and methane (CH 4 ) and chemiluminescence for nitrogen oxides (NO X ) and 138 nitrogen oxide (NO). The concentration of nitrogen dioxide (NO 2 ) is determined by subtracting NO 139
from NO X . The concentration of CO 2 was also measured with a MIR-2M (Multi-gas InfraRed; 140
Environment SA), which also uses infrared absorption. Both CO 2 analyzers show good correlation 141 between measurements, with a relative gap of about 2%. 142
The total particle number was measured with condensation particle counter (CPC, 3775 TSI). The 143
CPC has a butanol condensation chamber enabling the detection of particles between 4 nm and 2 144 µm. The instrument was operated once a second at 1.5 L/min, with a concentration range of 0 to 10 7 145 particle/cm 3 . The Particle Measurement Program (PMP) has been proposed by the direction of Joint 146
Research Center (JRC), a Directorate-General of the European Commission, as regulatory method for 147 measuring particle numbers for Euro 5 and Euro 6 vehicles. PMP makes it possible to remove volatile 148 particles with a 50% cut-point size of 23 nm. One of the main reasons for cutting volatile particles is 149 that the measurement of non-volatile particles is more repeatable. However, studies by Louis et al. 150 (15) showed that most particles emitted by tested Euro 4-5 vehicles were ultrafine particles with 151 diameters of less than 23 nm. In order to obtain the fullest amount of data on total particle number 152 emissions, the PMP was not used in this study. Furthermore, taking into account this volatile part, 153 standard variations of particle number quantification with six repeated driving cycles ranged 154 between 7 and 20%, which was quite low. 155
The particle size number distribution was measured with two different devices. The first was the 156
Electrical Low Pressure Impactor (ELPI; DEKATI), which has 12 filter stages and determines particle 157 number distributions from 7 nm to 10 µm. The ELPI was operated once a second at a flow rate of 10 158 L/min. The minimal detection limit ranged from 250 to 0.1 particles/cm 3 depending on the impactor 159 stage. The second devices what the Fast Mobility Particle Sizer (FMPS; TSI), which measures the total 160 particle number and distribution ranging from 5.6 to 560 nm, with a concentration range from 0 to 161 10 7 particle/cm 3 and with a flow rate of 8 L/min. The particle numbers obtained by these three 162 devices were fairly well correlated, with a relative gap of about 20%. This gap might be explained by 163
the fact that measurements of the size range of particles are not the same for all three devices. 164 6 The black carbon concentration was measured using an aethalometer (AE 33-7, Magee 165 Scientific). The experimental data were collected once a second with the instrument operating at a 166 flow rate of 5 L/min. The detection limit for 1 hour was 5 ng/m 3 with a concentration range of 10 to 167 10 5 ng/m 3 . Light attenuation was measured at seven wavelengths, from UV to IR (370, 470 vehicles with the six driving conditions (Artemis urban cold start (ArtUrb C), Artemis urban hot start 219
(ArtUrb H), Artemis road (ArtROAD), Artemis motorway (ArtMW), WLTC) are presented in the Figure  220 1. 221
The article number emission factors for the gasoline vehicle varied between 2.3×10 12 to 2.9×10 14 222 #/km. The highest factors were obtained for the motorway cycle and the lowest were obtained for 223 the urban cycle with similar emissions between hot start and cold start. Compared to the diesel 224 vehicle equipped with DPF to emit few particles, the gasoline vehicle emitted 4 to 4500 times more 225 particles. The gasoline vehicle emitted 10 to 30 times more BC than the diesel vehicle under Artemis 226 urban and road driving conditions. Under the Artemis motorway and WLTC with high-speed 227 conditions, the gasoline vehicle emitted 200 to 250 times more BC than the diesel vehicle. NO 2 228 emissions from the gasoline vehicle were low, i.e., between 0.04 and 0.3 mg/km, and were 200 to 229 5000 less than for the diesel vehicle (45 to 229 mg/km) depending on the driving conditions. For the 230 unregulated compounds, the BTEX emission factors ranged from 0.03 and 4.9 mg/km for the gasoline 231 vehicle and 0.11 and 4.2 mg/km for the diesel vehicle. For the exhaust samples, only formaldehyde, 232 acetaldehyde and acetone were above the quantification limit that could be quantified. The diesel 233 vehicle emitted on average 11 times more carbonyl compounds than the gasoline vehicle for all the 234 cycles. The only exception was the motorway cycle, for which the gasoline vehicle emitted seven 235 times more carbonyl compounds than the diesel vehicle. The concentrations of the sixteen PAHs in 236 the particulate phase were below the detection limit for both vehicles (See Table S3 in the 237
Supporting Information). 238
Generally, Artemis urban cold start induces more emissions than hot start for all the pollutants 239 measured for both the diesel and gasoline vehicles. The diesel vehicle emitted 100 times more PN 240 under urban cold start condition than hot start. Cold start also induced 9-16, 2.5 and 10 times more 241 BTEX, carbonyl compound and BC emissions, respectively, than with hot start for the diesel and 242 gasoline vehicles. However, the diesel vehicle emitted three times more NO 2 under urban hot start 243 than under cold start. This same emission characteristic has been observed in other studies as well 244 (13, 14) . The high NO 2 emissions in urban driving conditions and the increase in the number of Euro 6 245 diesel vehicles in the fleet raise serious concerns about urban air quality. 
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Carbonyl compounds (mg/km) cycles. The only exception is BTEX: the WLTC cycle induced 4 to 13 times more emissions than 253 average Artemis cycle. However, only two vehicles in this study were tested using the WLTC cycle. 254
Further testing will have to be conducted to confirm the impact of the WLTC on emissions of 255 unregulated pollutants. 256
Size distribution of the particle number 257
The particle size distributions were measured with the FMPS for all the Artemis driving cycles. 258 Figure 2 (a) and (b) shows the particle size distributions for the gasoline vehicle under motorway and 259 road conditions (Figure 2a ) and urban conditions with hot and cold start (Figure 2b ). The particle size 260 ranged from 22 ± 1.4 to 220 ± 15.6 nm for all the Artemis driving cycles. The peak number 261 concentrations were around 45 ± 3.6 nm, 70 ± 4.7 nm and 60 ± 4.7 nm for the road, motorway and 262 urban driving conditions, respectively. 263
The particle emissions for the diesel vehicle were near the background level (i.e., undetectable) 264
for Artemis road, motorway and urban with hot start (See Table S3 in the Supporting Information). 265
Only Artemis urban cold and hot start is presented in Figure 2c . For urban cycle with cold start, the 266 particle sizes varied between 22 ± 1.4 to 220 ± 15.6 nm, with two modes around 10 ± 0.8 and 40 ± 2.5 267 nm. The results also show that the particles emitted by the diesel vehicle were smaller than those 268 emitted by the gasoline vehicle. 
Pollutant correlations 277
The correlations between the pollutant emissions for the two Euro 6 vehicles tested in this study 278 and the six Euro 4-5 vehicles tested in the previous research (15) were studied. However, only the 279 emission factors of the diesel vehicles were used because the three gasoline vehicles did not show 280 good correlations between their pollutant emissions. This is particularly true for the Euro 6 gasoline 281 DI vehicle tested in this study and which showed very different emission behaviors. These differences 282 in behavior may be explained by the different vehicle technologies. The Euro 6 gasoline vehicle has a 283 propulsion engine that leads to a high exhaust temperature at the outlet of the tailpipe (up to 600 °C 284 during the motorway phases were also studied under the Artemis urban, cold and hot start, Artemis road, Artemis motorway, 306 WLTC, and NEDC driving cycles. Figure 4 shows the correlations between unregulated pollutants 307 (benzene, toluene, xylene, formaldehyde and acetaldehyde), and regulated pollutants (HC and CO). 308
The correlations are a positive linear correlation with r² varying from 0.57 to 0.91. 309
Unlike regulated compounds, emissions of unregulated compounds are not always measured on 310 a chassis dynamometer. Based on the correlation equations given in Figure 4 , it is therefore possible 311 to estimate the emission factors of benzene, toluene, xylene, formaldehyde and acetaldehyde with 312 HC and CO measurements for the Euro 4-6 diesel vehicles. However, these correlations only give an 313 approximate estimation that takes into account the large standard deviation due to the high 314 variability of emissions of regulated and unregulated compounds during cold start. 315
Preliminary PCA analysis 316
Principal component analysis (PCA) is performed as a preliminary method to study the impacts of 317 driving conditions, aftertreatment, and engine technologies on pollutant emissions by analyzing the 318 variable main trends. PCA was performed with emission factors of various gaseous and particulate 319 pollutants measured in this study for two Euro 6 diesel and gasoline vehicles, as well as for four Euro 320 5 vehicles and two Euro 4 vehicles measured in previous study (15) . The technical characteristics of 321 these eight vehicles are given in the Table S4 in the Supporting Information. To build the PCA, we 322 used either the five driving conditions (Artemis urban with cold start, urban with hot start, road, 323 motorway and NEDC) or the eight tested vehicles as individuals, with the 32 pollutant emissions for 324 each case (as variables) (Section 2.4 herein). The SPAD8 software was then used to perform the PCA 325 analysis of the data set. The results showed that the first two dimensions set by PCA account for the 326 bulk of the total variance. Therefore, in these two cases, only two dimensions were used for this 327 preliminary study. 328
Impacts of driving conditions on pollutant emissions 329
The impacts of driving conditions on pollutant emissions are studied using the PCA analysis with 330 emission factors measured under the Artemis urban cold and hot start, Artemis road, Artemis 331 motorway, and NEDC driving cycles. Two PCA analysis were performed, one for the Euro 4-6 diesel 332 vehicles and one for the Euro 4-6 gasoline vehicle. 333
For the Euro 4-6 diesel vehicles, the urban cold start driving condition produces the most 334 important emissions of various pollutants (PN, BTEX and carbonyl compounds…) compared to other 335 driving conditions. For the Euro 4-6 gasoline vehicles, the impacts of the driving conditions on 336 pollutant emissions are shown in the figure 5. Figure 5a shows the projection of the variables, the 337 measured emission factors in this case, on the two principal axes. They account for 85% of the total 338 variance, with a strong Axis 1 (49% of the variance). Figure 5b shows the projection of the driving 339 cycles (individuals) in the same two dimensions. 340
A cluster comprising BTEX, black carbon, and carbonyl compounds can be seen on the right 341 portion of the correlation circle (Figure 5a ). These compounds follow the same emission pattern and 342 are at the same position as the Artemis urban driving cycle with cold start (Figure 5b ). This 
Impacts of aftertreatment and engine technologies on pollutant emissions 359
The eight vehicles tested were fitted with six different aftertreatment and engine technologies. 360
All three of gasoline vehicles in this study were fitted with TWC. However, they had different engine 361 To study the effects of vehicle technologies on the pollutant emissions, we performed PCA using 376 the emission factors measured for all the vehicles with all the Artemis and NEDC driving cycles as 377 14 variables, and the eight tested vehicles as individuals. Figure 6 shows the projection of the variables 378 ( Figure 6a ) and individuals (Figure 6b ) on the two principal axes. They account for 62% of the total 379 variance, with a strong Axis 1 (42% of the variance). On the factorial plan, the diesel and gasoline 380 vehicles are separated into two clusters. The gasoline vehicles are in the right portion of the plan and 381 the diesel vehicles are in the left portion. In the case of the diesel vehicles, the two Euro 5 with 382 additive DPF were clustered together and located at left bottom of the vehicle projection. In 383 contrary, the three diesel vehicles with catalysed DPF located at top left of the plan. All three 384 gasoline vehicles tested were located at different places: . They observed that the urban driving condition with cold start emits around 2 to 150 times 441 more BTEX and around two times more carbonyl compounds compared to the urban driving 442 condition with hot start. For the impacts of aftertreatment and engine technologies, the PCA showed 443 that diesel vehicles equipped with additive and catalyzed DPF emit few particles. Two different DPF 444 technologies exhibit slightly different emission behaviors. The Euro 6 vehicle fitted with a NO X trap 445 emitted the most NO X . The three gasoline vehicles, which are located opposite the diesel vehicles on 446 the factorial plan, emit little NO X, but more particles, black carbon, BTEX, CO, HC, and CO 2 . Due to 447 different engine technologies -indirect injection for Euro 4, direct injection for Euro 5 and direct 448 injection with a propulsion engine for Euro 6 -the three gasoline vehicles exhibit different emission 449 behaviors. These preliminary tests showed that different vehicle technologies or driving conditions 450 can be characterized by some key pollutants. . However, these tests included a relatively low sample 451 number and did not cover all vehicle technologies. To complete our PCA analysis, we attempted to 452
integrate results from other studies. Euro 5 diesel and gasoline vehicles. They monitored HC, CO, NO X , and BTEX under Artemis urban with 458 hot and cold start, and road driving conditions. However, none of the pollutants monitored in these 459 studies were measured for all Artemis driving conditions. Moreover, the particle number, black 460 carbon, and several organic compound emission factors were not measured for Pre-Euro to Euro 3 461
Diesel and gasoline vehicles. We therefore lack all the necessary data to complete our PCA data set 462 for the same pollutants under all driving conditions or for all vehicles. The PCA analysis with 463 integration of literature data shows that the missing data, which introduced significant bias to the 464 16 PCA analysis, should be included in a future study so as to extend this statistical method to a larger 465 vehicle population. 466 Acknowledgments 467 This work was supported by FEVER (1366C0051) and CaPVeREA (1466C0001) projects funded by the 468
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